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NASA TT F-10,303 

MEASUREMENTS OF RUMIDITY I N  TRE UPPER ATMOSPHERF: 

I. Ya. Badinov, S. D. Andreyev and V. B. Lipatov 

ABSTRACT 

The f i r s t  p a r t  of t h i s  repor t  contains a c r i t i c a l  sum- 

mary of measurements of the atmospheric humidity i n  i t s  

upper l aye r s  (airborne invest igat ions with the  he lp  of the  

condensation hydrometer, spec t r a l  inves t iga t ions  over 

England, measurements i n  the USSR). 

t a i l e d  descr ipt ions,  made by automatic balloon so la r  

spectrophotometers, constructed a t  the Faculty of Atmos- 

pheric Physics, Leningrad University. The instruments 

regis tered the so l a r  spectrum within the wide region of  

0.4-13 p. The s p e c t r a u p t o 2 5 - 2 8  km were recorded. The 

in t eg ra l  content of water vapor above d i f f e ren t  l eve l s  was 

defined by the bands 0.94, 1.13, 1.39, 1.87 and 6.3 p. 

About 1 IJ. of water vapor w a s  found above the  l e v e l  

of 28 km on 23 October; other  ascents confirmed a small 

content of water vapor i n  the s t ra tosphere ( the order of 

The report  gives  de- 

r 

lo-’ g/g).  

s ide r s  the measurements i n  references 26-31. 

In  t h i s  connection the report  c r i t i c a l l y  con- 

The authors 

*Numbers given i n  margin ind ica te  pagination i n  o r i g i n a l  fore ign  t e x t  
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have come t o  the conclusion t h a t  t he  humidity increase w i t h  

height ,  obtained i n  separate inves t iga t ions ,  is  caused by 

the pol lu t ion  brought i n  by the balloon and t h e  apparatus. 

Analysis of a l l  recent r e su l t s  of the measurements allows 

us t o  consider the conception of a humid s t ra tosphere as  

groundless . 

Study of the physical processes leading t o  the formation of noct i lucent  

clouds i s  closely re la ted  t o  the  invest igat ion of many problems such as the 

cha rac t e r i s t i c s  of the  temperature p ro f i l e  i n  the  upper layers  of the  atmos- 

phere, the  rad ia t ion  regime of the mesosphere, t he  gas and aerosol  composition 

and the character of photochemical processes. 

A s  i s  wel l  known, u n t i l  recent ly  there  were two separate  basic  hypotheses 

the dus t  and condensation hypotheses. on the formation of noct i lucent  clouds: 

Information on the upper atmosphere has been constantly supplemented with i m -  

provement of measurement methods and the  means f o r  sending instruments t o  g rea t  

a l t i t u d e s .  

been continuing development of methods f o r  d i r e c t  inves t iga t ions  of the  p r o f i l e s  

of temperature, pressure,  atmospheric composition, s ca t t e r ing  and ve loc i ty  of 

a i r  currents  i n  the upper atmosphere. Data have a l s o  accumulated on s t r a t o -  

spheric  humidity. Preference has been given f i r s t  t o  one hypothesis and then 

t o  another,  as information accumulated on the  upper l aye r s  of the atmosphere. 

The f i rs t  rocket invest igat ions of the temperature p r o f i l e  revealed t h a t  

Together with ind i r ec t  surface op t i ca l  invest igat ions,  there  has 

a t  he ights  of about 80-85 km the temperature minimum i s  220-230°K, but measure- 

ments made i n  recent  years  have considerably changed our ideas  wi th  respec t  t o  

temperature i n  the  mesopause region. With an increase of the accuracy of 
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rocket invest igat ions of pressure and temperature the temperature minimum i n  the 

mesopause region has been found t o  be increasingly sharply expressed. 

found t h a t  there  i s  a seasonal var ia t ion of temperature, and it was establ ished 

t h a t  the summer minimum of temperatures i n  the mesopause over l a t i t u d e s  t o  the 

north of the 45th p a r a l l e l  a t t a i n s  1 5 0 - 1 6 0 ~ ~ .  

It was 

Whereas Ludlam ( r e f .  l), relying on the f i rs t  measurements of the tempera- 

t u r e  of the mesopause and on some of the f i rs t  r e l i a b l e  measurements of humidity 

above the tropopause ( f r o s t  point  193OK), concluded t h a t  a t  a height of 80-85 

km water vapor cannot a t t a i n  saturat ion and t h a t  ser ious study must be made of 

the problem of the dust o r i g i n  of nocti lucent clouds, more recent temperature 

measurements of the mesopause have considerably strengthened the pos i t ion  of the 

supporters of the condensation hypothesis (refs.  2 and 3 ) .  

It should be noted t h a t  ground and rocket o p t i c a l  invest igat ions of l i g h t  

s c a t t e r i n g  by the upper layers  of the atmosphere a l s o  confirmed the long- 

standing suppositions of the supporters of the dust  hypothesis concerning the 

existence of a l a y e r  of increased concentration of aerosols a t  heights of about 

80-90 km. 

exis tence of t h i s  layer  t o  a change o f  t h e  character of s e t t l i n g  of p a r t i c l e s  

of cosmic or ig in  i n  the mesopause region. 

A. A. Dmitriyev and A. Ye. Mikirov ( r e f s .  4 and 5) a t t r i b u t e d  the 

Experiments confirming the existence of a summer temperature minimum /67 
of the mesopause a t  the l a t i t u d e s  of most frequent appearance of noct i lucent  

clouds and the presence of condensation nuclei  i n  the region of the temperature 

minimum s t i l l  more reinforced the condensation hypothesis, and the f i n a l  con- 

f i rmat ion of the condensation-aerosol nature  of noct i lucent  clouds i n  the sum- 

m e r  of 1962 w a s  not unexpected. 

northern Sweden launched two rockets which carr ied aerosol p a r t i c l e  t raps ;  one 

A jo in t  Swedish-American expedition i n  
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of the rockets w a s  launched i n t o  a nocti lucent cloud. Invest igat ion of the 

samples returned t o  e a r t h  revealed that  both rockets trapped p a r t i c l e s  of 

cosmic o r i g i n  and consisting of nickel and iron, but t r a c e s  of ice  coatings 

were discovered on some of the p a r t i c l e s  trapped i n  the region of the noct i -  

lucent  cloud ( r e f .  6 ) .  

A record low temperature of the mesopause w a s  found, -130°K; thus,  condi- 

t i o n s  exis ted f o r  sa tura t ion  of very small q u a n t i t i e s  of water vapor, of about 

2 0 l O - ~  g/kg. 

A s  a r e s u l t  of confirmation of the condensation hypothesis, one of the 

t imely problems now w a s  a quant i ta t ive estimate of the moisture content of the 

high layers  of the  atmosphere and, of course, the mesopause, but t h i s  problem 

has not been solved u n t i l  recent ly .  

All our ideas on humidity i n  the region of the mesopause are  based on 

measurements of humidity made by various methods used a t  heights not exceeding 

30-32 k m .  

Some exception t o  t h i s  statement i s  the spectroscopic method. In  addi t ion 

t o  making possible determination of the humidity p r o f i l e  a t  the  t i m e  of ascent,  

t h i s  method a l s o  makes it possible t o  estimate t o t a l  moisture content between 

the instrument and the sun above the upper point of ascent of the instrument. 

Extrapolation of the humidity prof i le  t o  grea t  heights obviously involves e r -  

r o r s  which cannot be taken i n t o  account, but these evaluations u n t i l  recent ly  

have been the  only ones possible ,  Evaluation of the  humidity i n  the mesopause 

region may involve s t i l l  grea te r  errors, because a t  t h i s  l e v e l  the processes 

Of photodissociation of water vapor molecules a r e  of g r e a t  importance. I n  the 

case of a s t a t i c  model of the atmosphere, Hesstvedt computed t h a t  above the 75 

km l e v e l  photochemical d i ssoc ia t ion  can decrease the concentration of water 
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vapor molecules by several  orders of magnitude (ref.  7 ) .  

( r e f .  8) Hesstvedt attempted t o  estimate t o  what extent  v e r t i c a l  movements i n  

t h e  atmosphere can change the height of propagation of water vapor molecules. 

In  the computations he used as a point of departure the rad ia t ion  model of c i r -  

culatory processes i n  the upper layers of the atmosphere, taking i n t o  account 

the mechanisms by which heat i s  gained and l o s t ;  the model w a s  proposed by 

Murgatroyd and Singleton and was reconsidered on the bas i s  of new a a t a  on tem- 

perature i n  the mesopause. Preliminary data  from the computations revealed 

t h a t  f o r  the high l a t i t u d e s  and the summer mesopause there i s  a predominance of 

ascending currents,  and the humidity a t  the mesopause l e v e l ,  a t  l e a s t  i n  

t r a n s i e n t  processes, can be suf f ic ien t  f o r  sa tura t ion .  It must be s t a t e d  t h a t  

these computations a re  of an approximate character due t o  the inaccuracy of the 

r a d i a t i o n  model. 

I n  a recent study 

I n  t h i s  same study, on the basis of data  from a slow-motion motion picture  

survey of nocti lucent clouds made by W i t t ,  Hesstvedt attempted t o  compute the 

rate of growth of i c e  p a r t i c l e s  i n  a cloud and found t h a t  i n  order t o  explain 

t h e  observed wave movements it i s  necessary t o  assume enormous values f o r  

s p e c i f i c  humidity i n  the nocti lucent cloud--about 1 g/kg, which contradicts  the 

r e s u l t s  of computations of the photochemical destruct ion of water vapor mole- 

cule s a t  the se heights . 
The need f o r  f u r t h e r  invest igat ions of the processes involved i n  humidity 

a t  g r e a t  heights i s  obvious, but as already mentioned, humidity measurements 

a t  lower l e v e l s  are  the  bas i s  f o r  estimates of humidity a t  the  higher l e v e l s .  

The mentioned i n i t i a l  measurements of humidity, made over England a s  e a r l y  

as 1942, were supplemented by measurements made by other  authors. 

s p e c i f i c  humidity values measured by d i f f e r e n t  methods i n  the s t ra tosphere by 

/68 
However, the 

~ 
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a number of authors during the l a s t  20 years, while i n  s a t i s f a c t o r y  agreement 

f o r  the  troposphere, d i f f e r  by several  orders of magnitude with ascent i n t o  

the higher layers .  The theor ies  of a "moist" and "dry" stratosphere have 

appeared, and the degree of s t ra tospheric  humidity i s  the subject  of l i v e l y  

discussion. It i s  obvious t h a t  a change of tropospheric humidity should some- 

how influence the layers  above the tropopause, but the enormous s c a t t e r  of 

data forces  us t o  assume t h a t  the measurement r e s u l t s  a r e  complicated by some 

other  f a c t o r  which i s  not taken i n t o  account by some authors and which in t ro-  

duces e r r o r s  i n t o  the measurements. Therefore, below we w i l l  consider the  re- 

s u l t s  of s t ra tospheric  humidity measurements made by d i f f e r e n t  methods. We 

w i l l  d iscuss  i n  d e t a i l  measurements demonstrating a low s t ra tospher ic  humidity, 

e s p e c i a l l y  the measurements made a t  the Clarendon Laboratory. 

Ai rcraf t  Investigations of Humidity with a Frost-Point Hygrometer 

It has long been known t h a t  measurements of r e l a t i v e  humidity i n  the  s t r a t o -  

sphere, using standard h a i r  and membrane hygrometers, are unrel iable  because 

of an increase of i n e r t i a  and decrease of s e n s i t i v i t y  of the  humidity sensors 

when measuring ins igni f icant  quant i t ies  of moisture a t  low temperatures. As  

e a r l y  as 1937 Gol'tsman developed a frost-point  hygrometer f o r  use with a bal-  

loon. Different  modifications of t h i s  instrument have been used u n t i l  recent ly  

f o r  s t ra tospher ic  measurements. 

The invest igators  a t  the Clarendon Laboratory of Oxford University have 

done a g r e a t  deal  of work studying the humidity of the  lower layers  of the s t r a -  

tosphere.  The frost-point  hygrometer developed by Dobson and Brewer (ref. 9) 

w a s  f i r s t  used on a high-level a i r c r a f t  t o  a l t i t u d e s  of 12 km i n  1942. Measure- 

ments of the f r o s t  point  i n  the  atmosphere were accompanied by carefu l  
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laboratory invest igat ions of the character of p r e c i p i t a t i o n  onto the mirror 

(polished metal surface) i n  the hygrometer. 

t a t e  on the mirror of the frost-point  hygrometer can remain i n  the form of 

supercooled water t o  a temperature of 240°K. 

s t i l l  more and heated t o  almost complete disappearance of the p r e c i p i t a t e .  

The two temperatures of increase and evaporation of the p r e c i p i t a t e  were re- 

corded while holding the mirror a t  such a temperature t h a t  the p r e c i p i t a t e  

d i d  not increase and did not evaporate. The authors used the average of these 

temperatures as the ice  point.  The authors emphasize t h a t  a t  low temperatures 

it i s  possible t o  maintain the temperature of the  mirror one or  two degrees below 

the t r u e  i c e  point  without formation of a prec ip i ta te ;  i n  t h i s  work the experi-  

ence and t r a i n i n g  of the  observer are  of grea t  importance. Invest igat ions by 

photoe lec t r ic  methods of the r a t e  of condensation i n  r e l a t i o n  . t o  the tempera- 

t u r e  of the  mirror and a i r  humidity have shown t h a t  there i s  a na tura l  lower 

l i m i t  of the temperatures below which humidity measurements a r e  impossible with 

the e x i s t i n g  method. The deposit  on the hygrometer a t  a. temperature below 

194% has  a glassy appearance and i s  therefore  inv is ib le .  

g l a s s y  i c e  i s  slowly transformed i n t o  c r y s t a l l i n e  ice .  The authors noted a 

considerable decrease of the r a t e  of growth of the prec ip i ta te  with approach t o  

t h i s  " c r i t i c a l "  temperature of t h e  ice point .  With a decrease of a i r  humidity 

and a decrease of the  i c e  point  the s izes  of the c r y s t a l s  became less, and there  

w a s  an increase of the dis tance between them. 

The authors found t h a t  the precipi-  

The mirror therefore  w a s  cooled 

With heating t h i s  

The s c i e n t i s t s  a t  the Clarendon Laboratory have a l s o  c a r e f i l l y  invest igated 

o ther  e f f e c t s  which make measurements d i f f i c u l t  a t  low temperatures, such as 

the "act ivat ion" of the surface of a mirror held a t  a low temperature, accel-  

e r a t i n g  the appearance of a precipi ta te  even a t  an i c e  point  of 190 K and 0 /69 
~~ 

~~ 
~~~~~~ ~~~~ ~ ~- ~~ ~ 

~~~ ~ ~~ ~ 

~~~ ~ ~ -~ ~ ~ 
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frequently disappearing with b r i e f  heating of the mirror.  In  t h i s  case the 

prec ip i ta te  appears on the mirror very slowly. The v a r i a b i l i t y  of "act ivat ion" 

made it d i f f i c u l t  t o  g e t  the same values  twice i n  succession. 

Laboratory t e s t s  have shown t h a t  when a l l  precautions are  taken the f r o s t -  

point hygrometer gives reliable r e s u l t s  t o  an i c e  point of 194OK. 

Since 1942 the f rost-point  hygrometer has been used repeatedly f o r  meas- 

uring humidity t o  heights of 11-12 km. F l i g h t s  were made on a high-level a i r -  

c r a f t  of the  B r i t i s h  Meteorological Service; humidity measurements were made 

by experienced observers with the necessary prac t ice  and f a m i l i a r i t y  with the 

equipment. 

The f i r s t  measurements revealed t h a t  the i c e  point  decreases t o  a height  

of 11 km and a t  t h a t  l e v e l  a t t a i n s  a temperature of 193OK (scaled t o  a spec i f ic  

humidity of 2.10-3 g/kg). 

c i p i t a t e  on the  mirror became indistinguishable.  Above the tropopause the i c e  

poin t  and a i r  temperature diverge sharply, which ind ica tes  a considerable de- 

crease of humidity with t r a n s i t i o n  into t h e  lower layers  of the s t ra tosphere.  

I n  many cases a t  the upper f l i g h t  l e v e l s  the  pre- 

Dobson proposed t h a t  the pressure of the measured a i r  be increased i n  order 

t o  obta in  more r e l i a b l e  data  i n  t h e  lower s t ra tosphere.  

i s  ra i sed  t o  normal, the i c e  point  can be increased by 20°, which w i l l  prevent 

t h e  undesirable e f f e c t s  observed during measurements of the " c r i t i c a l "  t e m -  

perature .  

If the a i r  pressure 

After j e t  a i r c r a f t  were available t o  the meteorological s?rvice,  Goldsmith 

(ref. 10) proposed t h a t  the j e t  a i r c r a f t  compressor be used f o r  t h i s  purpose. 

The surface of the compressor i s  small i n  comparison with the volume of a i r  

intake,  and i t s  use should not introduce s i g n i f i c a n t  measurement e r r o r s .  

a c t u a l i t y ,  i n  the preliminary f l i g h t s  t h e  measurements of the i c e  point  with and 

I n  
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without the use of a compressor were compared. The measurements made a t  d i f f e r -  

en t  pressures confirmed t h a t  the compressor does not introduce s i g n i f i c a n t  

e r r o r s  ( r e f .  11). 

Measurements with a modified hygrometer, carr ied out i n  1950 by Murgatroyd, 

Goldsmith and Hollings (ref.  12) t o  heights of 15 km, confirmed the dryness of 

the s t ra tosphere.  The authors found t h a t  with increasing height the ice  point 

decreases, but tends t o  a constant value, which on the average was 188.5'~. 

Seventy f l i g h t s  were made a t  d i f f e r e n t  seasons of the year, a t  d i f f e r e n t  l a t i -  

tudes, from Iceland t o  North Africa ( r e f .  13). A l l  measurements revealed t h a t  

above the tropopause the a i r  contains l i t t l e  moisture and the  mixing r a t i o  

averages 2-10 g/kg. -3 

Dobson a t t r i b u t e s  the dryness of the s t ra tosphere t o  t h e  f a c t  t h a t  the 

moist a i r  carried a l o f t  i n t o  the stratosphere by ascending currents  i n  the equa- 

t o r i a l  region loses  a considerable quantity of moisture by a freezing-out 

process and i s  transported i n t o  the middle l a t i t u d e s .  It w a s  found t h a t  even 

i n  a i r  from which condensation nuclei have been removed the formation of i c e  

c r y s t a l s  i s  easy a t  temperatures below 232'K. 

s t ra tosphere i n  the t r o p i c a l  l a t i t u d e s  can a t t a i n  182%. 

t h a t  the  measured ice  point  i n  the stratosphere i n  the middle l a t i t u d e s  i s  

close t o  the lowest temperature i n  the tropopause region over the t rop ics ,  which 

serves as one of the demonstrations of the t r o p i c a l  o r i g i n  of a i r  i n  the 

s t ra tosphere i n  the middle l a t i t u d e s .  

However, the temperature of the 

Dobson notes the f a c t  

Spec t ra l  Invest igat ions of Humidity i n  the Lower Stratosphere over England 

Spec t ra l  invest igat ions of the absorption of s o l a r  rad ia t ion  i n  the f r e e  

atmosphere were begun a t  Oxford i n  1932. The r e s u l t s  of the f i r s t  f l i g h t s  of 
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Yarnell  and Goody ( r e f .  14) t o  heights of 11 km had a qua l i t a t ive  character .  

A number of atmospheric absorption spectra were recorded with a prism i n -  

f ra red  spectrometer wi th  a t racking system f o r  guiding the  s o l a r  rays i n t o  the 

entrance s l i t  of the instrument. The absorption bands of water vapor (6.3 p), 

C02 (4.3 p) ,  O3 (4.75 p) and CH 4 
of 0 .1  p. The authors concluded t h a t  water vapor absorption above 11 km i s  

approximately equal t o  a 2 m thick layer of moist a i r  a t  normal pressure.  

@ 

(7.8 p) were recorded with a mean reso lu t ion  

Jones and Roberts continued invest igat ions of the  s o l a r  spectrum with b e t t e r  

reso lu t ion .  The CH and C 0 absorption bands were invest igated,  but no 

quant i ta t ive  measurements of water vapor absorption were made. The authors 

noted t h a t  the  2 v band v i r t u a l l y  disappeared from the  so l a r  spectrum a t  a 

height of 10  km ( r e f .  15) . 

13. 16 
4 2 

2 

In  1957 Houghton and Seeley began systematic invest igat ions of absorption 

of o p t i c a l l y  ac t ive  components of the atmosphere by use of a vacuum spectro- 

meter with a high reso lu t ion  of about 2 em-'. The spectrometer had a photo- 

e l e c t r i c  t racking system, mounted on the  wings of the  a i r c r a f t .  The in s t ru -  

mentwas carr ied a l o f t  t o  heights of 15-16 km; these measurements may there-  

fo re  be considered as e s s e n t i a l l y  the f i rs t  measurements made i n  the s t r a t o -  

sphere. Invest igat ions of absorbing gases i n  the  atmosphere were accompanied 

by careful  laboratory inves t iga t ions  of the absorption of the invest igated gas 

i n  r e l a t i o n  t o  pressure and concentration. 

f o r  t h i s  purpose, and laboratory invest igat ions were made using the  same 

A multipass vessel  was constructed 

instrument used i n  the s t ra tosphere.  

Multiple measurements of water vapor absorption on the  o p t i c a l  path be- 

tween t h e  sun and instrument supplemented the  da ta  obtained with f ros t -poin t  

hygrometers i n  the  lower stratosphere.  It was discovered f o r  the first time 



t h a t  above 15 km there i s  an equivalent precipi table  l a y e r  of water of about 

5 p. On the assumption of a constancy of spec i f ic  humidity of s t i l l  higher 

layers  of the stratosphere,  the authors found t h a t  the s p e c i f i c  humidity above 

15 k m  f a l l s  i n  the range 1.10-~-4.10-~ g/kg ( r e f .  13). 

The humidity p r o f i l e  measured by Houghton and Seeley t o  heights of 15 km 

agrees wel l  with the p r o f i l e  obtained with an ice-point  hygometer carr ied on 

t h i s  same a i r c r a f t .  

Humidity Investigations Above 15 km 

Both spec t ra l  measurements and measurements with a f ros t -poin t  hygrometer 

were made by B r i t i s h  inves t iga tors  t o  heights not exceeding 16 km aboard an 

a i r c r a f t .  Estimates of the humidity of s t i l l  higher layers ,  nevertheless,  

involves assumption of a constancy of spec i f ic  humidity a t  d i f f e r e n t  heights.  

The Clarendon Laboratory therefore  developed a l i g h t  

be car r ied  t o  heights of 25 km by a small balloon. 

Williamson constructed a simple instrument weighing only 2.5 kg, making 

it possible  t o  measure the counterradiation of the s t i l l  higher layer  of the  

atmosphere i n  the region of the absorption band of water vapor centered a t  6.3 

p ( r e f .  16) .  The rad ia t ion  detector  was a germanium sensor, alloyed with gold 

and covered with an indium antimonide f i l t e r .  The s p e c t r a l  s e n s i t i v i t y  of the 

instrument f e l l  i n  the l i m i t s  of the water vapor absorption band. 

t o r ,  i n  f r o n t  of which a vibrat ion modulator was placed, was housed i n  a cham- 

be r  cons t i tu t ing  an i d e a l l y  blackbody with a small aper ture  oriented a t  an 

angle t o  the v e r t i c a l  t o  prevent the  e n t r y  of rad ia t ion  from the balloon 

envelope i n t o  the  de tec tor .  The chamber was submerged i n t o  a Dewar vessel  

containing l i q u i d  a i r .  The instruments were carr ied a l o f t  a t  nighttime i n  a 

instrument which could 

The detec- 

~ ~ - 
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cloudless sky. Signals were transmitted through a te lemetr ic  channel. The 

r e s u l t s  were interpreted by a s t a t i s t i c a l  model of the water vapor absorption 

band; 

account. An allowance was made f o r  e f f e c t s  associated with the rad ia t ion  of 

foreign gases i n  the region of the water vapor absorption bands. 

absorption was computed taking the Curtiss-Godson approximation i n t o  /71 

A s  an example the author c i t e s  the r e s u l t s  of an ascent on 10  September 

1963 t o  a height of 25 km. 

km f e l l  from 196 t o  185'~; the specif ic  humidity w a s  approximately constant, 

beginning a t  12  km, and averaged 3-10 

between the spec i f ic  humidity values which he measured i n  the lower layers  

of the  atmosphere and radiosonde data. Above the tropopause the  absolute 

values of atmospheric radiat ion,  a s  noted by the  author, approach the r e s u l t s  

of s p e c t r a l  invest igat ions of atmospheric rad ia t ion  obtained i n  the f r e e  atmo- 

sphere by Hampson over Canada ( r e f .  17). 

The temperature of the i c e  point between 12 and 25 

-3  g/kg. Williamson notes good agreement 

Recently invest igat ions of s t ra tospheric  humidity made by the Clarendon 

Laboratory have been supplemented by measurements with an e l e c t r o l y t i c  hygro- 

meter car r ied  a l o f t  i n  a small balloon. 

meter w a s  expressed by Brewer i n  1958. 

descr ibes  the pr inciple  of operation of t h i s  instrument. 

The idea f o r  constructing such a hygro- 

I n  reference 13 Houghton b r i e f l y  

Two platinum electrodes,  embedded i n  quartz,  were covered with phosphoric 

acid,  which served as hygroscopic material .  Water vapor molecules, reaching 

the surface of t h e  electrodes,  induce a current proportional t o  t h e  quant i ty  of 

mole cule s . 
The measurements made by Goldsmith i n  t h e  s t ra tosphere over England a l so  

revealed a constancy of s p e c i f i c  humidity with a value of approximately 

1.5-10-3 g/kg . Unfortunately, the absence of more complete information makes 

~ ~~~ ~~~~~~ ~~ ~~~~~~ ~~ ~~~ ~~ ~~~ ~~ 
~~ ~~ ~~ ~~ ~~ ~ ~~ ~ -~ ~~ ~- ~~ ~~ 
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it impossible t o  draw any conclusions concerning the  r e l i a b i l i t y  of the  values 

measured by t h i s  instrument. 

I n  generalizing the  r e s u l t s  of the B r i t i s h  invest igat ions,  made with these 

methods, it can be concluded t h a t  these measurements agree wel l  with one another. 

It has been determined t h a t  the specif ic  humidity of t he  s t ra tosphere i s  low, 

and i t s  values remain constant with height and f a l l  i n  the  range 1-10-~-4-10-~ 

g/kg 

Stratospheric  Humidity Measurements i n  the USSR 

These invest igat ions were begun i n  1955 under the d i r ec t ion  of B. S. 

Neporent. 

in f ra red  region of t h e  spectrum were developed ( re f .18) .  

spectrometers was a high-transmission monochromator having an autocollimation 

system and a d i f f r ac t ion  gra t ing  w i t h  300 lines/mm. 

entrance s l i t  and was r e f l ec t ed  from a d u l l  aluminized p la te .  

t ransmit ted t o  ea r th  through a telemetric system. 

Different  modifications of spectrometers operating i n  the  near- 

The bas is  f o r  the 

Sunlight entered an 

Signals were 

The f i rs t  version of the instrument made it possible t o  de t ec t  f ixed 

wavelengths s i tua ted  in s ide  and outside the  water vapor absorption bands. 

absorption bands 1 .4  and 1.88 p w e r e  discriminated. 

and 2.2 p were recorded as index wavelengths. Later  the  invest igated p a r t  of 

the spectrum was broadened and there  was a changeover t o  continuous recording 

of t h e  e n t i r e  p a r t  of the  spectrum. 

I n  add i t ion  t o  the  s o l a r  spectra,  "zero" s igna ls  were transmitted t o  ea r th ,  

corresponding t o  a closed entrance s l i t ,  as wel l  a s  ca l ib ra t ion  s igna ls  de te r -  

mining t h e  scale  of t he  record of the spectrum and character iz ing the  operation 

of the  rad ioe lec t ronic  p a r t  of the instrument, s igna ls  of the pressure and 

The 

The wavelengths 1.24, 1.5 

Resolution of the  instrument w a s  180 i. 



temperature sensors, e t c .  

for  the  spectrum, and the  spectra  of a standard l i g h t  source were recorded 

per iodica l ly  f o r  checking the s e n s i t i v i t y  of the  spectrophotometer. 

The s e n s i t i v i t y  of the spectrometer was equalized 

Measurements were made a t  d i fe ren t  s i t e s  i n  the Soviet Union. The ins t ru-  

ments were carried a l o f t  i n  balloons t o  heights of 16-17 km. 

of the f i r s t  measurements revealed t h a t  humidity decreases with height,  but above 

the 12 and 17 km levels v i r t u a l l y  the same quant i ty  of water vapor w a s  observed-- 

about 50 pk(ref.  18). 

of the apparatus. Measurements i n  the 1 . 4  p band were possible only t o  a height 

of 11 km. Complications of the instrumentation d i d  not make it possible f o r  the 

authors t o  consider the data  obtained a t  heights grea te r  than 11-14 km as 

r e l i a b l e .  Later  the authors concluded t h a t  the humidity of a columnof the atmos- 

phere above 15 km i s  negl igibly low.  The observed absorptions, remaining con- 

s tan t  with ascent t o  the upper point ,  the  authors a t t r i b u t e d  t o  the possible in-  

fluence of adsorbed moisture i n  the instrument ( r e f .  1 9 ) .  A t  l e v e l s  above the 

tropopause it w a s  determined t h a t  the s p e c i f i c  humidity decreases. Whereas a t  

Processing &2 

The authors a t t r ibu ted  t h i s  f a c t  t o  some shortcomings 

the  10 km level  the mean spec i f ic  humidity was 4-10-' g/kg, a t  15 km it had de- 

creased t o  2*10-2 g/kg. 

I n  1964 the s p e c i a l i s t s  of t h e  Department of Atmospheric Physics of Leningrad 

Universi ty  prepared f o r  launching into the stratosphere an automatic balloon- 

borne complex of solar spectrophotometers t o  record the s o l a r  spectrum i n  a broad 

range--from 0.4 t o  13 p. Three prism spectrophotometers overlapped t h i s  spec t ra l  

region and could operate simultaneously. The reso lu t ion  of the spectrophotometers 

averaged 70 i n  the v i s i b l e  region of the spectrum, 30 i n  the near-infrared 

and 0.1 i ~ .  i n  the inf ra red  region of the spectrum (at  10 p) ( r e f .  20). The en- 

t rance s l i t s  of the spectrophotometers were illuminated by the mirror of a 

~ 
~ 

~~ ~~ 
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biaxia l  photoelectr ic  servomechanism with a c i r c u l a r  zone of s e n s i t i v i t y  and 

three degrees of motion, the most important of which ensured pointing of the 

system a t  the center of the so la r  disk with an e r r o r  of *?' ( r e f .  21). 

The group of spectrophotometers was controlled by a s ingle  programming 

apparatus. The monochromator f o r  the  infrared region of the spectrum w a s  sup- 

p l ied  with a mechanism f o r  compensating the decrease of s o l a r  i n t e n s i t y  with 

wavelength. This was achieved by a change of the width of the entrance and 

e x i t  s l i t s .  The water vapor absorption band therefore  was recorded without 

d i s t o r t i o n .  

The program provided f o r  the recording of s o l a r  spectra  on the oscil lograph 

tape a t  d i f f e r e n t  scales ,  periodic checking of the s e n s i t i v i t y  of the  receiving- 

recording p a r t  of the apparatus, periodic recording of the  spectrum of an a r t i -  

f i c i a l  l i g h t  source f o r  determining the water vapor content within the mono- 

dromators on the basis of water vapor absorption i n  the 1.87 p, band, and re- 

cording of d i f f e r e n t  voltages,  recording the temperature of d i f f e r e n t  components 

Of the instrument package, recording temperature, pressure and humidity outside 

the package, e t c .  

The absolute values of d i r e c t  solar rad ia t ion  were a l s o  recorded. A 

Yanishevskiy actinometer was mounted on the axis  of the tracking system f o r  t h i s  

purpose. Temperature of the actinometer w a s  recorded f o r  determining t h e  tem- 

pera ture  correct ions,  The full cycle of measurements continued about th ree  

minutes . The cycles followed one another without in te r rupt ion .  

I n  1964 there  were three launchings of s p e c t r a l  apparatus together with a 

group of actinometric instruments for  measuring the rad ia t ion  regime (ref. 22). 

The launchings were made on 11 and 22 J u l y  and 23 October 1964. 

were recorded t o  heights of 25-28 km. 

The spectra  

The summer ascents were made under 

~~ 
~~ 

~ 
~ ~ 
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anticyclonic conditions; the autumn ascent was made under worse weather condi- 

t ions  with a complete cloud cover of s t r a tus  clouds a t  a height of about 2.5 km. 

The qua l i ty  of the  spectra  t o  the tropopause was good. I n  the  tropopause r e -  

gion the  instrument package experienced sharp swaying and r o t a t  ion. Analysis 

of  some spec t ra  was d i f f i c u l t ,  because during the swaying of the instrument 

package the area of the sec t ion  of the s o l a r  rays re f lec ted  by the  t racking 

system mirror could not always completely cover the  entrance s l i t  of the spec- 

trophotometers. However, above t h e  tropopause the  instrument package gradual ly  

became l e s s  r e s t l e s s ,  and again en t i r e ly  sa t i s f ac to ry  spec t ra  were ob- /73 
ta ined.  The instruments operated normally, except on the second ascent,  during 

which p r i o r  t o  the  launching there  was a malfunction of the  amplif ier  lamp of 

the spectrophotometer operating i n  the near-infrared region of the spectrum. 

This p a r t  of the spectrum could not be recorded, and therefore  the water vapor 

concentration within the  package remained undetermined. 

For the f i r s t  time data  were obtained on the character  of the at tenuat ion 

of s o l a r  r ad ia t ion  i n  the stratosphere i n  a broad region of the  spectrum a t  

heights  up t o  28 km, as wel l  as information on absorption of higher l eve l s .  

The analysis  of humidity da ta  was made f o r  p a r t s  of t h e  spectrum, including 

the absorption bands of water vapor and carbon dioxide, s ince t h e i r  absorption 

bands overlap.  Total  absorption was measured by graphic in te rpola t ion .  The 

da ta  were processed using known in te rpola t ion  formulas derived by Howard and 

h i s  assoc ia tes  i n  reference 23, and taking i n t o  account t he  r e s u l t s  of labora-  

t o r y  inves t iga t ions  of the forbidden absorption bands of water vapor and carbon 

dioxide.  

fore ign  gases a t  d i f f e ren t  t o t a l  and p a r t i a l  pressures a t  d i f f e ren t  tempera- 

t u r e s .  I n  pa r t i cu la r ,  it was demonstrated t h a t  t o t a l  absorption i n  the band 

These inves t iga t ions  were made f o r  mixtures of an absorbing and 

~ 
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depends s l i g h t l y  on temperature; therefore,  the influence of temperature was 

not taken i n t o  account i n  our computations. The dependence of absorption on 

p a r t i a l  pressure of water vapor was also not taken i n t o  account because it w a s  

small, espec ia l ly  i n  the stratosphere.  

F i r s t  records of water vapor absorption on the o p t i c a l  path within the 

instrument package between the a r t i f i c i a l  l i g h t  source and the rad ia t ion  detec- 

t o r  (spectra  of an incandescent lamp were recorded each three cycles of measure- 

ments of s o l a r  rad ia t ion)  were analyzed. It w a s  assumed i n  the computations 

t h a t  the pressure within the package i s  equal t o  the pressure outside ( the  

package had thermostatic control, but was not a i r t i g h t ) .  

The r e s u l t s  were unexpected: during the  e n t i r e  ascent the moisture content 

I n  the f i r s t  ascent,on the o p t i c a l  path of the remained v i r t u a l l y  constant. 

ray wi th in  the instrument package there w a s  26-27 p of an equivalent layer  of 

prec ip i tab le  water; i n  the  t h i r d ,  25-26 p. This e f f e c t  was caused by the in-  

fluence of t h e  moisture adsorbed by the foam p l a s t i c  of the instrument package 

and the p a r t s  of the apparatus. The water vapor content, despi te  the presence 

of an opening i n  the package f o r  entry of the  s o l a r  rays,  was not decreased, 

and above 20 km the water vapor absorption i n  the s o l a r  spectrum w a s  determined 

almost completely by the moisture trapped i n  the stratosphere together with 

the apparatus. 

I n  determining the humidity of the above-lying layers  i n  the stratosphere,  

i n  addi t ion  t o  determining the moisture, it was necessary t o  exclude the  absorp- 

2 t i o n  of CO ( f o r  example, i n  the region of the 1.87 p band there  a re  two CO 

bands: 2.01 and 2.03 p) .  

graphic and computational methods. 

absorpt ion was accomplished with the Howard equations,  with the assumption of 

2 
The select ive absorption of C02 w a s  excluded by both 

I n  the second case the  exclusion of C02 



an addi t ive character of absorption i n  the H 0 vapor and C 0 2  bands and postu- 

l a t i n g  an invariable r e l a t i v e  CO concentration of 0.032 percent.  The Curt is-  

Godson approximation was used i n  the computations, and the e f f e c t i v e  pressure 

of carbon dioxide was computed a s  the mean weighted pressure of the higher C 0 2  

l ayer .  

2 

2 

The correctness of the computations was checked by an analysis  of data  on 

the  t o t a l  C02 absorption i n  the 4.3 p band, where no appreciable water vapor 

absorption i s  observed. Comparison of the computed and measured values of t o t a l  

absorption i n  t h i s  band revealed good agreement between them a t  heights above 

the tropopause (the discrepancy was not grea te r  than 4-7 percent). 

sphere t h e  discrepancies caused by overlapping of the C 0 2  and H20 bands were 

s i g n i f i c a n t  (23 percent a t  the e a r t h ' s  sur face) ,  but a f t e r  allowance f o r  

N20 absorption these data agreed f o r  the troposphere with an e r r o r  of 10  per- 

cent .  

I n  the tropo- 

/74 

The t o t a l  water vapor content i n  the  layer  of the atmosphere above d i f f e r -  

e n t  measurement l e v e l s  w a s  determined from the water vapor bands 0.94, 1.13, 

1.39, 1.87 and 6.3 p. 

only f o r  the 6.3 p band. 

package on the second ascent, allowance f o r  contamination of the package by 

water vapor trapped i n  the  stratosphere w a s  based on the averaged r e s u l t s  of 

t h e  f i r s t  and t h i r d  ascents.  The humidity within the three containers was 

almost i d e n t i c a l  i n  these ascents, and there  w a s  no b a s i s  f o r  assuming t h a t  

the conditions of the second ascent were d i f f e r e n t  from the conditions f o r  the 

o thers .  

Humidity measurements on the second ascent were made 

Since humidity measurements were not made within the 

The computations of humidity were based on the mean weighted pressures,  

determined i n  the  troposphere by data obtained using the humidity sensor of a 

18 



radiosonde. The value of the mean weighted pressure i n  the troposphere was 

approximately equal t o  0.8 of t h e  pressure a t  the next measurement l e v e l ,  which 

corresponds t o  an exponential decrease of the water vapor concentration with 

height.  

constancy of s p e c i f i c  humidity a t  d i f f e r e n t  heights.  

I n  the stratosphere the coef f ic ien t  0.3 was used on the assumption of 

Figure 1 shows the dependence of the moisture content of a column of the 

atmosphere on height, obtained using the measurementsof 23 October 1964. 

da ta  were obtained using absorption measurements i n  a l l  recorded bands. About 

The 

1 IJ. of water vapor was observed i n  the l a y e r s  above 28 km. 

first ascent were the same; the second ascent  was only t o  a height of 25 km, 

but  it a lso  revealed a low water vapor content i n  the stratosphere.  

t i v e  measurement e r r o r s  increase with height due t o  the small values of absorp- 

t i o n  and the increasing influence of the water vapor present inside the package. 

The e r r o r  i n  determining water vapor a t  the upper l e v e l  was reckoned a t  100 

The r e s u l t s  of the 

The r e l a -  

percent.  Obviously, incor rec t  choice of mean weighted pressure a l so  should 

e x e r t  an influence on the  measurement r e s u l t s .  

We a l s o  note t h a t  the  use of interpolat ion functions obtained by Howard 

under laboratory conditions a t  t o t a l  and p a r t i a l  pressures a re  d i f f e r e n t  from 

the r e a l  values observed i n  the  atmosphere and a l s o  involves e r r o r s ,  but t h e i r  

evaluat ion i s  a separate problem. 

absorption a s  determined by Howard has t h e  form of a square root  l a w  f o r  weak 

absorption. 

a case when l i n e s  having the Lorentz contour do not overlap and are  f a i n t ,  

We note only t h a t  the dependence of i n t e g r a l  

I-i; follows from modeling experiments t h a t  the square root law, i n  

should be replaced by the law of l i n e a r  dependence of t o t a l  absorption i n  the 

l i n e s  of the  band on the concentration. It i s  d i f f i c u l t  t o  make a quant i ta t ive  

check of t h i s  e f f e c t ;  i n  any case laboratory measurements of absorption of 
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Figure 1. Water vapor content above 

d i f f e r e n t  l e v e l s ;  data  f o r  ascents of 

23 October 1964. 1, 0.94 p; 2, 1.13 p; 

3 ,  1.39 1-1; 4, 1.87 w ;  5 ,  6.3 v. 

increasingly small q u a n t i t i e s  of water vapor a t  negl igibly small p a r t i a l  pres- 

s u r e s  have not succeeded u n t i l  recently. The reason for t h i s  i s  the enormous 

d i f f i c u l t y  i n  quant i ta t ive  measurements of small concentrations of water vapor 

because of i t s  adsorption by the  w a l l s  of the  container and p a r t s  of the fi 
monochromator. 

The use of the square root  law i n  the case of weak absorption obviously 

r e s u l t s  i n  somewhat understated values of humidity measurements a t  g r e a t  

he ights .  However, the use of the functions obtained purely t h e o r e t i c a l l y  i s  

p r e s e n t l y  impossible. Quantum mechanical computations of the l i n e  i n t e n s i t i e s  

of a number of bands now have only been s t a r t e d .  

W e  w i l l  now consider the values of the  s p e c i f i c  difference a t  d i f f e r e n t  

h e i g h t s  obtained on t h e  basis  of scaling the curves of t o t a l  moisture 

20 



Figure 2. Change of spec i f ic  humidity q 

with height.  1, 11 J u l y  1964; 2, 22 J u l y  

1964; 3, 23 October 1964. 

content of the atmosphere. These data were obtained f o r  a l l  th ree  ascents 

( f ig .  2 ) .  

Stratospheric  spec i f ic  humidity decreases considerably with height and 

continues t o  decrease t o  heights of 12-14 km, where it a t t a i n s  values of about 

g/kg. A low humidity minimum i s  observed a t  heights of about 12-14 km 

(which agrees w e l l  with ,the measurements made a t  the Clarendon Laboratory). 

Above 24 km the spec i f ic  humidity decreases t o  values of 1 0 - ~ - 5 . 1 0 - ~  g/kg, 

which a l s o  agrees with the  reduced r e s u l t s  of o ther  authors. Comparison of 

t h e  values of spec i f ic  humidity and the humidity values obtained over England 

shows t h a t  i n  t h e  region of 15 km the humidity measured over England was some- 

what lower than t h a t  observed over the USSR. With ascent i n t o  the stratosphere 

both B r i t i s h  and Soviet measurements show a "s tab i l iza t ion"  of s p e c i f i c  humidity 

(of about g/kg t o  5-10-3 g/kg) . 
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Data on the ins igni f icant  moisture content of the stratosphere have a l s o  

been obtained recent ly  by Gates ( r e f ,  24). By sending a l o f t  a vacuum spec- 

trometer with a high resolut ion t o  a height of 30 km i n  a balloon (31 March 1964 

i n  Texas), Gates discovered above 30 km a 2 p equivalent of prec ip i tab le  water, 

whi c h ,  taking measurement e r r o r s  in to  account, agrees w e l l  with the  measure- 

ments made by the  authors of t h i s  study. 

A decrease of spec i f ic  humiditywith height was a l s o  observed by Camming 

( r e f .  2 5 ) .  

12.2 and 13.7 km. 

with a monochromator with a d i f f r a c t i o n  grat ing.  Camming notes t h a t  a t  a 

height  of 13.7 km the contamination of a i r c r a f t  apparatus by water vapor a t -  

t a i n s  30 percent. 

The author flew over Canada i n  an a i r c r a f t  a t  a l t i t u d e s  of 9.7, 

The measurements were made i n  t h e  water vapor band 2.7 p /76 

Generalizing the r e s u l t s  of the  measurements c i t e d  above, it may be con- 

cluded t h a t  they demonstrate a decrease of spec i f ic  humidity with height i n  

t h e  troposphere and i t s  r e l a t i v e  constancy i n  the stratosphere with values of 

about 

humidity, it seems indicated t o  compute the conditions of water vapor satura-  

t i o n  f o r  the higher l e v e l s .  

g/kg. Using a s  a point of departure the constancy of s p e c i f i c  

Figure 3 shows t h e  change of the i c e  point  with height t o  the 100 km 

l e v e l ,  using the  r e s u l t s  of measurements on balloons. The i c e  point  decreases 

wi th  height  t o  values of about 1 8 0 ~ ~  a t  30 km. As  already mentioned, the  tem- 

pera tures  i n  the region of a nocti lucent cloud are about 130%, which corre- 

sponds t o  a water vapor sa tura t ion  f o r  a spec i f ic  humidity i n  the region of the 

mesopause of The i c e  point, computed f o r  t h e  mesopause l e v e l  on the 

assumption of constancy of s p e c i f i c  humidity with height,  i s  1?O0K, which i s  

e n t i r e l y  adequate f o r  sa tura t ion .  Obviously, the destruct ion of water vapor 

g/kg. 
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Figure 3. Ver t ica l  p ro f i l e s  of temperature and i c e  

poin t .  1, Temperature according t o  da ta  i n  reference 

2; 2, temperature according t o  data  i n  reference 3; 

3, temperature of i c e  point  according t o  ascents  made 

by s p e c i a l i s t s  of Leningrad S ta t e  University; c i r c l e  

designates temperature determined during launching of 

rocket i n t o  nocti lucent cloud ( r e f .  6) .  

molecules as  a r e s u l t  of photochemical d i ssoc ia t ion  w i l l  exe r t  a considerable 

inf luence on the  concentration of water vapor molecules a t  t h i s  l e v e l ,  but even 

a decrease of humidity by a f a c t o r  of 5 0 - l O O  t imes does not exclude the  pos- 

s i b i l i t y  of sa tura t ion  a t  the  observed temperatures i n  the region of noct i lucent  

clouds. 

l ucen t  clouds ( fo r  example, i n  r e f .  2) cannot cause water vapor sa tu ra t ion  i n  

the  region of the  mesopause, even without allowance f o r  t he  photochemical decom- 

pos i t i on  of molecules. 

’. 

The temperatures measured i n  the  s t ra tosphere i n  the  absence of noct i -  

. 



Measurements of Increased Stratospheric Humidity 

we w i l l  b r i e f l y  discuss the measurements which show t h a t  the s p e c i f i c  

humidity i n  the s t ra tosphere increases with height .  I n  1955 Murcray and h i s  

associates  ( re f .  26) developed an automatic balloon spectrometer which was 

first carr ied a l o f t  t o  30 km on 22 June 1955. The instrument was designed f o r  

measuring the absorption of the forbidden bands of water vapor and carbon 

dioxide. The so lar  rays were directed i n t o  the instrument s l i t  by a t racking 

system having an e r r o r  of hl5f. 

aperture f o r  admitting the sun's rays i n t o  t h e  spectrometer. The instrument 

was a i r t i g h t .  

The heat- insulat ing housing had a s ingle  

Several  ascents were made i n  balloons, but various f a c t o r s  did not  make it 

possible  t o  obtain any r e l i a b l e  data  on s t ra tospher ic  humidity u n t i l  19 J u l y  

1959. Total  absorp- 

t i o n  i n  the water vapor band 6.3 p was measured. 

humidity f o r  heights above 30 km revealed t h a t  the s e p c i f i c  humidity values 

over the  instrument were i n  the range 1.5*10-1-3.4.10 g/kg. The authors con- 

cluded t h a t  above 30 km over New Mexico there  w a s  a t  l e a s t  20 IJ. of prec ip i tab le  

water. The measurements were accompanied by determinations of the i c e  point  

with a f ros t -poin t  hygrometer. 

km, where the i c e  point  was found t o  be 203%. 

t u r e  w a s  lower and the instrument ceased t o  operate ( r e f .  27). 

On t h a t  day a spectrometer was car r ied  a l o f t  t o  30 km. 

Computations of s p e c i f i c  

-1 

These data  a r e  r e l i a b l e  t o  heights of about 13 

A t  g rea te r  heights the tempera- 

A comparison of t h e  apparatus used by Murcray with the apparatus developed 

by Leningrad University shows t h a t  these instruments are  s imilar ,  but Murcray 

did not  measure humidity within the instrument package. 

t h a t  a r i s e  of water vapor within t h e  instrument package, not taken i n t o  ac- 

count, c rea tes  the spurious e f f e c t  of .an increase of spec i f ic  humidity with 

It i s  e n t i r e l y  obvious 
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height i n  the  region of low pressures.  The 20 IJ. of water vapor obtained by the 

author almost do not apply t o  the higher l a y e r  of the s t ra tosphere.  

agrees with t h i s .  He computed t h a t  i f  the temperature within the  package /77 
was 20°C, the r e l a t i v e  a i r  humidity within the container i s  50 percent. Murcray 

found 10  )I of water vapor per meter of the length of the o p t i c a l  path within the 

instrument i n  the stratosphere.  The example of an ascending f ros t -poin t  hygrom- 

e t e r  which f a i l e d  t o  operate a t  the heights a t  which Dobson encountered e f f e c t s  

making measurement of the i c e  point d i f f i c u l t  i s  a l so  ins t ruc t ive .  

Houghton 

We note t h a t  the authors of t h i s  study sent  a l o f t  an o p t i c a l  instrument and 

a frost-pointhygrometer,  but it systematically ceased t o  operate or  gave incor- 

r e c t  readings upon approaching the stratosphere.  

Whereas the s p e c i a l i s t s  of the Clarendon Laboratory applied considerable 

e f f o r t s  i n  measuring s t ra tospheric  humidity a t  heights of about 15 km, American 

inves t iga tors ,  i n  studying the upper layers  of the s t ra tosphere,  sent  a l o f t  s i m -  

p l e r  and l i g h t e r  instruments on balloons. 

there  was a considerable change i n  the conditions f o r  v e n t i l a t i o n  of the  chamber 

of the  f ros t -poin t  hygrometer. 

With ascent i n t o  the upper layers  

The ef f ic iency  of vent i la t ing  apparatus decreases by two orders of magnitude 

by a height  of 30 km, which necessarily e x e r t s  an influence on the r e s u l t s .  

contaminations created by the appratus are more dangerous than i n  the case of 

s p e c t r a l  measurements, because i t  i s  d i f f i c u l t  t o  make a d i r e c t  determination of 

t h e  released vapor. During ascent the balloon and a l l  instruments re lease water 

vapor. The instrument rises i n  the wake l e f t  by the balloon, and the hygrometer 

The 

capsule can be penetrated by nonstratospheric water vapor. 

instruments measure the moisture content on a sloping path 

t h e  instrument and the sec tor  which the ray passes through 
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short ,  the balloon-borne frost-point  hygrometer continuously sucks i n  a i r  

s i tua ted  near the apparatus. 

cording t o  our computations i n  the 30 km region the i c e  point  decreases t o  

1 8 0 O ~ ) ,  t h a t  the i c e  precipi ta ted onto the  mirror,  according t o  Dobson, should 

have a glassy s t ruc ture .  However, balloon-borne hygrometers do not have a 

compressor of the type used by Goldsmith. 

We note a l so  t h a t  the i c e  point i s  so low (ac- 

I n  measuring atmospheric humidity, Barret  e t  a l .  ( r e f .  28) a t  a height 

of 15 km obtained a decrease of specif ic  humidity t o  values of 10-2->*10-2 

g/kg, but above t h i s  l e v e l  they found an increase of the spec i f ic  humidity t o  

O.l-O.l5 g/kg. 

spec i f ic  humidity i n  the 30 km region, but nevertheless the  values a re  con- 

s iderably  grea te r  than those measured by the spectroscopic method. 

Some of B a r r e t ' s  measurements do not reveal  an increase of 

The authors of reference 28 a l so  observed la rge  var ia t ions of the i c e  

point  during ascent.  Mustenbrook and Dinger, i n  reference 29, a l s o  discovered 

var ia t ions of the i c e  point a l o f t .  A t  heights of 14-16 km they found a spec i f ic  

humidity of 2.10-3 g/kg, which agrees w e l l  with spec t ra l  measurements, but by 

30 km the spec i f ic  humidity, nevertheless, increased t o  0.08-0.1 g/kg. Barclay, 

E l l i o t t  e t  a l .  ( r e f .  30)  sent a water vapor t r a p  a l o f t  t o  heights of 27 km; 

t h i s  t r a p  was a tube submerged i n  l iquid hydrogen through which a i r  w a s  sucked. 

The water vapor was frozen together  with the carbon dioxide, and the  quant i ty  

of s o l i d  carbon dioxide served as a measure of the a i r  passed through the i n s t r u -  

ment. Assuming t h a t  a t  a height of 27 km the r e l a t i v e  concentration of CO i s  

0.026 percent,  the authors found a specif ic  humidity of 3.7.10-2 g/kg, which i s  

an order  of magnitude g r e a t e r  than the values determined by the s p e c t r a l  method. 

2 

Broun and Rybus, i n  reference 31, who measured s t ra tospher ic  humidity over 

Antarct ica ,  also found an increase of s p e c i f i c  humidity a t  heights g r e a t e r  than 



13 km.  

50°K a t  l e v e l s  very shor t  distances apart .  

of the  balloon can influence ice-point measurements. The s c a t t e r  of points 

ind ica tes  measurement e r r o r s  r a t h e r  than atmospheric s t r a t i f i c a t i o n .  

The s c a t t e r  of values f o r  the i c e  point was g r e a t  and could a t t a i n  40- 

The authors note t h a t  the moist wake 

In  reference 13  Houghton indicates  t h a t  recent measurements made by /78 
Mustenbrook with a balloon-borne frost-point  hygrometer have d i r e c t l y  demon- 

s t ra ted  t h a t  the increase of s p e c i f i c  humidity with height i s  caused by con- 

taminations introduced by the balloon and apparatus. It was discovered f o r  

the f i r s t  t i m e  by carefu l ly  prepared invest igat ions t h a t  a t  heights of about 

30 k m  a f ros t -poin t  hygrometer i s  a lso capable of measuring low s t ra tospher ic  

humidity. The values of s p e c i f i c  humidity determined by Mustenbrook f a l l  i n  

the range 2*10-3 g/kg ( r e f .  8 ) .  

We a lso  note a study by Brasefield ( r e f .  32),  who measured the moisture 

content of the stratosphere w i t h  a hygristor,  an instrument whose sensor w a s  a 

f i l m  of e lec t ro ly te ,  consisting of a saturated solut ion of L i C l  applied t o  a 

g lass  base. The author found t h a t  specif ic  humidity increases with height t o  
.. 

a. value 3-10- l  g/kg a t  24 km, but e r rors  of the method do not make it possible 

t o  consider these data  r e l i a b l e ,  i f  for  no other reason than t h a t  the i n s t r u -  

ment i s  capable of operating only a t  r e l a t i v e  humidities g r e a t e r  than 15 per- 

cent.  

Thus, it can be s t a t e d  t h a t  an increase of spec i f ic  humidity with height was 

measured using an instrument not sui table  f o r  work where there  i s  a law water 

vapor concentration. These r e s u l t s  therefore are  unrel iable .  However, these 

measurements are  used extensively i n  formulating d i f fe ren t  models of the atmos- 

phere.  

by Barret ,  Brasef ie ld ,  Murcray, the e a r l y  measurements of Mustenbrook and Dinger, 

However, i n  the stratosphere the r e l a t i v e  humidity i s  considerably less. 

For example, Gutnick (ref. 33), i n  generalizing the r e s u l t s  obtained 
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and others ,  formulated a model of the  s t ra tosphere i n  which spec i f i c  humidity 

increased by 30 km t o  values 10” g/km. S.  Malkevich, using these same data ,  

a l so  concluded t h a t  the spec i f ic  humidity i n  the s t ra tosphere i s  high ( r e f .  34). 

M 

After analyzing a l l  recent  measurement r e s u l t s  it can be s t a t ed  t h a t  t he  

concept of a moist s t ra tosphere i s  unfounded. 
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